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bstract

Enzymes that are involved in the breakdown of arabinoxylan biomass are becoming more important as the need to harness renewable energy
ources becomes necessary. A gene encoding an �-l-arabinofuranosidase not previously described (1581 bp) was isolated from a culture seeded
ith a compost starter mixed bacterial population. Sequence analysis of the putative catalytic domain determined that the enzyme, termed deAFc,

s a glycoside hydrolase family 43 member. The gene was cloned into Escherichia coli with a C-terminal His-tag and its recombinant product
xpressed and purified. deAFc appeared to be monomeric under the gel-permeation chromatography conditions employed, and kinetic analysis

−1
sing several artificial glycoside substrates revealed Km values between 0.251 and 0.960 mM and kcat values between 0.13 and 1.22 s . The purified
nzyme was stable up to 45 ◦C, had an activity temperature optimum of 47 ◦C, and a pH profile that was essentially invariant between pH 5 and
.5. deAFc was observed to release xylose only when incubated with synthetic xylopyranoside substrates, while release of arabinose was observed
rom arabinoxylan and branched arabinan as well as from synthetic chromophore or fluorophore-tagged �-l-arabinofuranoside substrates.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Enzymes that can be harnessed for the breakdown of hemi-
ellulose in cereal crops and crop fiber biomass are becoming
ncreasingly important due to their pivotal role in the utiliza-
ion of these renewable energy sources. Hemicelluloses (xylans,
rabinoxylans) are widely found as structural components in
lant cell walls, where they cross-link with lignin and are exten-
ively hydrogen-bonded to cellulose [1]. Structurally, xylans
re heteropolysaccharides consisting of a linear �-d-(1 → 4)-
inked xylopyranoside backbone that depending on the tissue
ource is variously substituted with arabinose and other sub-
tituents. The xylose backbone of cereal xylans can be substi-
uted with (1 → 2)- and/or (1 → 3)-linked �-l-arabinofuranosyl,
-d-glucuronic acid, and O-2- and/or O-3-linked acetate groups.

oreover, the arabinofuranose residues can be esterified with

erulate and p-coumarate residues, which may in turn be cross-
inked or oxidatively coupled to lignin.

∗ Corresponding author. Tel.: +1 510 559 6453; fax: +1 510 559 5940.
E-mail address: kwagschal@pw.usda.gov (K. Wagschal).
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Numerous enzymes with the ability to hydrolyze the vari-
us hemicellulose linkages have been isolated, most of them
rom microbial sources [2]. Enzymes that hydrolyze non-
educing terminal �-l-arabinofuranosidic linkages and release
rabinose in an exo-manner from substrates such as ara-
inoxylan, arabinan and from synthetic substrates such as
-nitrophenyl-�-l-arabinofuranoside (p-NP-AraF) are classi-
ed as �-l-arabinofuranosidases (AFase, EC 3.2.1.55) [2,3].
Fase’s and their potential biotechnological application have
een the subject of several valuable reviews [2–5]. This
lass of enzymes is important since removal of the arabi-
ose residues from the xylan backbone can have a synergis-
ic effect with endoxylanase hydrolysis, presumably because
ndoxylanase hydrolysis of glycosidic bonds is inhibited by
rabinose-substituted xylose residues [6,7]. In addition to the
reakdown of hemicellulosic biomass for fuel and chemical
eedstock use [5], AFase’s may also find use in cellulose pulp
iobleaching processes [8] and for the release of glycosidically

ound monoterpene flavor constituents in grape juice [9]. We
escribe here the isolation of DNA from a culture seeded with a
ommercial compost starter, and the subsequent identification,
loning, expression, purification and genetic and biochemical

mailto:kwagschal@pw.usda.gov
dx.doi.org/10.1016/j.enzmictec.2006.06.007
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haracterization of an encoded �-l-arabinofuranosidase termed
eAFc.

. Materials and methods

.1. Genomic DNA preparation

Dr. Earth compost starter (Dr. Earth Company, Los Angeles, CA) con-
aining B. subtilis, B. cereus, B. meagterium, Azobacter vinelandi, Rhizobium
aponicum and Lactobacillus acidophilus was used to inoculate a minimal

edia liquid culture (EZ Rich defined media; Teknova, Hollister, CA) sup-
lemented 0.67% (w/v) each of xylan from birch wood, beech wood, and
at spelt (Sigma, St. Louis, MO, USA). The culture was grown overnight at
0 ◦C and 200 rpm. Cells were isolated by centrifugation, and genomic DNA
as isolated from the cell pellet using the FastDNA Kit (Qbiogene, Irvine,
A) with Lysing Matrix 2 and CLS-TC solution according to manufacturer’s
rotocol.

.1.1. Genomic library construction and activity screening
Genomic DNA isolated from the Dr. Earth compost starter was partially

igested with ApoI restriction enzyme. The digest was separated using agarose
el electrophoresis, and fragments 4–10 kB were excised and purified using the
iaExII gel purification kit (Qiagen, Valencia, CA). These fragments were then

igated to an EcoRI-digested Lambda ZAP II vector and packaged into lambda
hage using Lambda ZAP II Vector and Gigapack III Packaging Extract (Strata-
ene, La Jolla, CA, USA). XL1-Blue MRF’ cells (Stratagene) were infected
ith the phage genomic DNA library and spread onto NZY (0.5% sodium

hloride, 0.2% magnesium sulfate heptahydrate, 0.5% yeast extract, 1% casein
ydrosylate, and 1.5% agar) media plates. The infection was overlaid with
garose containing 4-O-methyl-d-glucurono-d-xylan-remazol brilliant blue R
RBB-xylan; Megazyme, Bray, Ireland). Clearings in the RBB-xylan overlay
ndicated the presence of phage plaques encoding xylan-degrading genes. The
laques were isolated and purified by repeated screenings on RBB-xylan. Single-
lone excision was conducted according to manufacturer’s protocol (Strata-
ene) to obtain a pBS-SK construct with an inserted fragment of genomic
NA.

.1.2. Sub-cloning of the deAFc gene
A cloned fragment of genomic DNA was sequenced in its entirety. An open

eading frame encoding a putative glycosyl hydrolase family 43 AFase was dis-
overed using the VectorNTI software package (Invitrogen, Carlsbad, CA, USA)
nd BLAST analysis [10]. The gene was isolated by PCR using the following
rimers which contained linkers encoding NdeI and XhoI restriction enzyme
ites (underlined) on the 5′ and 3′ primers, respectively:

deAFc-5′: CGCCATATGAAATTTCTAAATCCTGTTATACCCGGTTTTC
deAFc-3′: GCGCTCGAGTTGTTCTAAATTATTTACAGAAACCTCAGT-
CACATTAA
The amplified gene and the pET-22b(+) plasmid (EMD Biosciences, San
iego, CA, USA) were digested with NdeI and XhoI restriction enzymes

nd ligated to create a pET22b(+)-deAFc expression vector with a C-terminal
is-tag.

4
w
c
w
4

able 1
inetic parameters for synthetic substrate hydrolysisa

ubstrate Concentration range (�M) Km (�M

-NP-AraF 30–4000 251 ±
-NP-XylP 15–4000 960 ±
-NP-XylP 30–7000 766 ±
-MU-XylPb 10–4000 712 ±
a Results shown were obtained at pH 8.0. At pH 5.0 the kinetic parameters were Km
b Reaction conditions were as described in the text.
al Technology 40 (2007) 747–753

.2. deAFc expression and purification

The expression host E. coli BL21(DE3) was transformed with the expression
lasmid pET22b(+) containing the deAFc insert, streaked onto Luria–Bertani
gar plates amended with 50 �g/ml carbenicillin (Sigma) (LBcarb), and incu-
ated overnight at 37 ◦C. Positive transformants were selected based on enzy-
atic hydrolysis of p-NP-AraF (described below) and restriction digestion of

he plasmids. A single positive transformant was used to inoculate a 15 ml
eed culture of E. coli, which was then grown in LBcarb broth at 37 ◦C at
50 rpm for 16 h with 0.5% glucose added to repress protein expression. A
ml aliquot was used to inoculate 200 ml LBcarb, which was grown at 37 ◦C to
D600nm = 2–3. Then 1 mM IPTG was added to induce protein expression, and

ncubation was allowed to proceed at 16 ◦C at 250 rpm for 16 h. 50 ml aliquots
ere pelletted and the pellets stored frozen at −80 ◦C. Cell lysis and release of

oluble proteins was achieved by adding to each pellet 3.5 ml Bug-Buster solu-
ion (EMD Biosciences) containing 40 U/ml r-Lysozyme (EMD Biosciences),
.5 mM phenylmethylsulfonylfluoride (PMSF), 25 U/ml Benzonase, and 5 mM
-mercaptoethanol (BME; all from Sigma). Cells were incubated in the lysis
olution for 20 min at room temperature, cooled to 0–4 ◦C and centrifuged
o remove cell debris. The protein was purified using Ni-NTA resin (Qiagen)
ccording to the manufacturer’s instructions, by first adjusting the supernatant
olution to 300 mM NaCl, 10 mM imidazole and 50 mM phosphate buffer (pH
.0). The composition of the wash buffer used was 50 mM phosphate buffer
pH 8.0) containing 1 mM BME, 1 �l/ml protease inhibitor cocktail III (EMD
iosciences), 300 mM NaCl and 10 mM imidazole. The protein was eluted
sing the same buffer except that the imidazole concentration was increased to
50 mM. Fractions containing the enzyme were buffer exchanged using NAP-5
esalting columns (Amersham Biosciences, Piscataway, NJ) into 50 mM phos-
hate (pH 6.0), 10% glycerol and 200 �M PMSF and stored at −80 ◦C. Protein
oncentrations were determined using Coomassie Plus reagent (Pierce Biotech-
ology, Rockford, IL, USA) following the manufacturer’s protocol. Enzyme
ractions were analyzed using PAGE following the manufacturer’s protocol
Invitrogen). Final protein purity was estimated by gel densitometry performed
sing an AlphaImager imaging system (Alpha Innotech Corp., San Leandro,
A, USA).

.3. Molecular weight determination

The molecular weight of the His-tagged protein was estimated by gel filtra-
ion chromatography using an Amersham/Pharmacia HiPrep 16/60 Sephacryl
-300 HR column (Amersham Biosciences). The running buffer was 50 mM
hosphate (pH 8.0), 150 mM NaCl, 1 mM dithiothreitol (DTT), and 10%
ucrose (w/v), and a standard curve was generated with low molecular weight
13.7–67 kDa) and high molecular weight (158–669 kDa) standards (Amersham
iosciences).

.4. Enzyme assays

For assays using nitrophenyl (NP) glycosides as substrates (all from Sigma),
he enzyme activity was determined by measuring the change in absorbance at

00 nm due to NP release using a Spectramax M2 spectrophotometer equipped
ith a temperature controller (Molecular Devices, Sunnyvale, CA, USA). Time

ourse studies using saturating substrate concentrations were initially performed
ith p-NP-AraF to establish the linearity of hydrolysis rate with respect to time at
5 ◦C. In a typical kinetic assay 190 �l of 50 mM phosphate (pH 8.0) containing

) kcat (s−1) kcat/Km (mM−1 s−1)

11.8 0.684 ± 0.009 2.73 ± 0.133
42.6 0.132 ± 0.003 0.138 ± 0.007
41 1.22 ± 0.02 1.59 ± 0.09
66 0.571 ± 0.033 0.802 ± 0.088

= 0.600 ± 54 �M, kcat = 0.461 ± 0.025 s−1 and kcat/Km = 0.768 ± 0.081.
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.1% bovine serum albumin (BSA; Sigma) and varying substrate concentrations
as pre-incubated at 45 ◦C for 5 min, then 10 �l enzyme solution was added and
ixed to initiate the reaction. Generally, sixteen different substrate concentra-

ions were used to assess the kinetic parameters (Table 1), and the amount of
nzyme was chosen so that the proportion of substrate hydrolyzed at the end
f the data acquisition period ranged from 1 to 3% (29 nM deAFc for p-NP-
raF and 114 nM deAFc for o- and p-nitrophenyl-�-d-xylopyranoside (o- and
-NP-XylP)). The kinetic parameters Vmax and Km for the aryl-glycoside sub-
trates (Table 1) were calculated by non-linear regression fitting of the data to
he Michaelis–Menten equation using the program GraFit 5 (Erithacus Software,
urrey, UK). The inhibition constant Ki for arabinose was determined using a
inetic spectrophotometric assay wherein velocity was measured in the absence
f added arabinose, and then in the presence of 30, 60 and finally 120 mM arabi-
ose using p-NP-AraF concentrations ranging from 120 to 4000 �M, 50 mM
O4 (pH 8.0) and 33.3 nM deAFc. Arabinose at the various concentrations
nd deAFc were pre-incubated in the assay buffer for 10 min at 45 ◦C, and
he reaction initiated by adding the substrate. Kinetic parameters were obtained
y non-linear curve fitting of the data to a competitive inhibition model using
raphPad Prism 4 (GraphPad Software, San Diego, CA, USA).

.5. Activity versus pH profile

The effect of pH on the apparent Vmax (Fig. 1) was measured using endpoint
ssays utilizing an equal volume of 1 M Na2CO3 to quench the reactions and
aise all the pH values to ∼pH 11. Reactions were carried out at 45 ◦C using
aturating concentrations of either p-NP-AraF (4 mM) or p-NP-XylP (6.4 mM),
72 nM deAFc, 0.1% BSA, and incubation for 17–25 min at 45 ◦C, followed by
uenching with an equal volume of 1 M Na2CO3 and absorbance measurement at
00 nm. The pH profiles were obtained using multi-component buffers and both
ubstrates in separate experiments. For pH 3–8, 50 mM McIlvain buffer (50 mM
itrate, 50 mM phosphate) was employed, while for pH 8–11 a universal buffer
onsisting of 50 mM citrate, 50 mM phosphate and 50 mM borate was used. The
H curve was also generated with p-NP-AraF and the single component buffers
00 mM citrate for pH 3–6.5, 100 mM phosphate for pH 6.5–8.0, and 100 mM
MPSO for pH 8.0–9.5. Reaction was allowed to proceed for 17 min (maximum
f 10% substrate depletion) when using p-NP-AraF, or for 25 min (maximum
% substrate depletion) when using p-NP-XylP as the substrate. To confirm
ubstrate saturation at the pH extremes, the substrate 4-methyl-umbelliferyl-�-
-xylopyranoside (4-MU-XylP, Sigma) was used to assess the kinetic parameters

t both pH 5 and 8 (Table 1) because unlike nitrophenyl, the fluorescent 4-MU
roup can be readily detected at pH 5. An excitation wavelength of 349 nm and
n emission wavelength of 460 nm was used to quantify 4-MU release at both
H 5 and 8. Reaction conditions were 45 ◦C, 29 nM deAFc, 10–4000 �M 4-
U-XylP, 100 mM citrate for pH 5.0 or 100 mM AMPSO for pH 8.0 and 0.1%

ig. 1. Relative enzyme activity at the indicated pH values. McIlvaine’s buffer
as used for pH 3–8, and universal buffer was used for pH 8–11. Enzyme activity
as determined with 4 mM p-NP-AraF (�) or 6.4 mM p-NP-XylP (©). The pH
rofile was also generated using 4 mM p-NP-AraF and single component buffers
�). Reaction conditions were as described in Section 2.
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ig. 2. Enzyme stability at the indicated temperatures (�), and enzyme activity
relative Vmax) at the indicated temperatures (©). Reaction conditions were as
escribed in Section 2.

SA. The kinetic parameters Vmax, Km and Ki were calculated by non-linear
egression fitting of the data to Eq. (1), derived from a substrate uncompetitive
nhibition model [11], using GraphPad Prism 4 (GraphPad Software):

0 = kcat × [E0] × [S]

Km + [S] + (S2/Ki)
(1)

.6. Activity versus temperature and thermostability profiles

The effect of temperature on enzyme stability (Fig. 2) was determined by first
easuring the rate of p-NP-AraF hydrolysis prior to thermal challenge. Reaction

onditions were 45 ◦C, 50 mM HPO4 (pH 8.0), 0.1% BSA, 6.4 mM p-NP-AraF,
nd 47 nM deAFc. Then aliquots of the enzyme solution were transferred to a 96-
ell PCR plate and subjected to incubation at a series of temperatures ranging

rom 30 to 70 ◦C for 5 min using a temperature gradient PCR machine (MJ
esearch, Watertown, MA, USA). After thermal treatment the enzyme activity
as again measured to allow calculation of the residual activity. Eight data points
ere obtained for each temperature tested, and the residual activity normalized

o the highest recorded initial activity.
The effect of temperature on the apparent Vmax was determined by perform-

ng endpoint assays using the same reaction conditions as used for the enzyme
hermal stability experiments. deAFc was incubated for 30 min at the various
emperatures under saturating substrate concentrations, quenched with an equal
olume of 1 M Na2CO3, and p-NP release quantitated at 400 nm using a standard
urve generated on the same microtiter plate.

.7. Substrate specificity

The ability of deAFc to hydrolyze the natural substrate xylobiose (Table 2)
as assessed using 800 nM deAFc and substrate concentrations of 100 �M to
mM, 100 mM phosphate buffer (pH 8), and a 60 min incubation at 45 ◦C.

nzyme activity resulting in xylose release was then assessed using an enzyme-
oupled assay for xylose as described [12]. TLC was used to monitor the
egradation of the following natural polymeric substrates: sugar beet arabinan,
ebranched sugar beet arabinan, rye arabinoxylan, wheat medium viscosity ara-
inoxylan (all from Megazyme), birchwood xylan, beechwood xylan, oat-spelt

able 2
eAFc substrate specificity

ubstrate Specific activity
(�mol/mg min)

Normalized activity (%)

-NP-AraF 0.6829 100
-NP-XylP 0.0792 11
-NP-XylP 0.9966 146
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ylan and larchwood (+)-arabinogalactan (all from Sigma). The sugar beet ara-
inan substrate consisted of a 1,5-�-linked arabinose backbone to which 1,3-�-
inked and possibly some 1,2-�-linked l-arabinofuranosyl groups were attached.
pproximately 60% of the main-chain arabinofuranosyl residues were substi-

uted by single 1,3-linked arabinofuranosyl groups. The debranched sugar beet
rabinan was prepared by the manufacturer such that all 1,2- and 1,3-�-linked
-arabinofuranosyl branch units were removed. The cereal grain natural arabi-
oxylan substrates had homopolymeric backbones of (1-4)-�-d-xylopyranosyl
esidues substituted with (1-2)- and/or (1-3)-�-linked l-arabinofuranosyl branch
nits. The wheat arabinan medium viscosity arabinoxylan (Megazyme) had
n arabinose:xylose:other sugars ratio of 37:61:2. The rye flour arabinoxy-
an (Megazyme) had a sugar composition of arabinose:xylose:other sugars of
9:48:3. The oat-spelt xylan used contained minimally 70% xylose and max-
mally 10% arabinose and 15% glucose. The xylans from the two hardwoods
irchwood and beechwood were also tested, were each specified as contain-
ng >90% xylose residues. Reaction conditions were overnight incubation at
7 ◦C in 100 mM phosphate (pH 8.0) containing 1 �l/ml protease inhibitor cock-
ail III, 5 mM DTT, 0.1% BSA, polymeric substrate concentrations between
.9 and 2.2 mg/ml and 2.9 �M deAFc. TLC was performed using HPTLC
ilica plates (Alltech, Waukegan, IL, USA), with mobile phase composition
tOAc:MeOH:H2O of 7:2:1. Detection was performed using 20% H2SO4 in
eOH with 1 mg/ml orcinol (Aldrich).

Action on the following artificial aryl-glycoside substrates was tested
Table 2): p-NP-�-l-arabinofuranoside, p-NP-�-l-arabinopyranoside, p-NP-
-d-xylopyranoside, o-NP-�-d-xylopyranoside, p-NP-�-d-glucopyranoside,
-NP-�-d-fucopyranoside, p-NP-�-d-galactopyranoside, and p-NP-�-d-
annopyranoside (all from Sigma). Reaction conditions were 45 ◦C, 29 nM

eAFc, 4 mM aryl-glycoside substrate, 50 mM phosphate buffer (pH 8.0).
itrophenyl group release was monitored by measuring the change in

bsorbance at 400 nm.

. Results and discussion

.1. Sequence analysis

The AFase’s from several bacterial species have been char-
cterized, and based on amino acid sequence similarity have
een classified into glycoside hydrolase (GH) families 3, 43,
1, 54, 62 and 93 of the CAZy classification (P.M. Coutinho
nd B. Henrissat, http://afmb.cnrs-mrs.fr/CAZY) [13]. The
ene encoding the AFase termed deAFc (1581 bp, GenBank
ccession no. DQ284779) was sequenced from a phage DNA
ibrary clone that exhibited xylanase activity on the dye-labeled
ubstrate RBB-xylan. The phage clone contained a 3511 bp
enomic DNA insert, and BLAST analysis revealed three
utative open reading frames on the same coding strand in
he following arrangement: partial sequence of an ABC-type
ugar transport system permease component (ABC-permease),

GH family 10 xylanase (GH10 Xyn) and a GH fam-
ly 43 arabinofuranosidase/xylosidase (deAFc). Seventy-four
ucleotides separated the predicted stop codon of the putative
ermease component and the translation start site of GH10 Xyn,
nd 168 bp separated the predicted stop codon of the GH10
yn and the translation start site of deAFc. Inspection of the

equences for bacterial promoters and rho-independent tran-
cription termination sites was performed using BPROM and
indTerm, available at www.softberry.com. Promoters were pre-

icted to exist upstream of both GH10 Xyn and deAFc. The
romoter for GH10 Xyn has a −10 box with a score of 65 and
−35 box with a score of 30, and the promoter for deAFc has
−10 box with a score of 65 and a −35 box with a score of 15

s
g
u
e

al Technology 40 (2007) 747–753

scores are as given by BPROM). No rho-independent transcrip-
ion termination sites were found in the regions upstream of the
top codons for either ABC-permease or GH10 Xyn, while for
eAFc a potential site occurs at the end of the gene with a score of
14.5 (score as given by FindTerm).Thus, while the presence of
ultiple potential promoters suggests that GH10 Xyn and deAFc

an be independently regulated, the proximity of the genes and
heir potential to coordinately assimilate carbon, coupled with
he absence of identifiable transcription termination sites after
BC-permease and GH10 Xyn, leaves open the possibility that

he cloned insert is part of a polycistronic operon. This would
ave precedence since the genes encoding the components of
ylan-degradation pathways are known to be organized as oper-
ns in bacterial species [14].

Phylogenetic analysis of the evolutionary relationship of the
mino acid sequence of deAFc to other GH’s shows closest rela-
ionship to GH’s from Geobacillus thermoleovorans (55% pos-
tive, 44% identical; NCBI accession 85717961), DNA isolated
rom uncultured anaerobic sediments from Baltimore Harbour
54% positive, 41% identical; NCBI accession 82524016 [15]),
ceanobacillus iheyensis HTE831 (51% positive, 39% identi-

al; NCBI accession 23099542) [16], and Bacillus clausii KSM-
16 (51% positive, 39% identical; NCBI accession 56962920).
hese enzymes are all members of the GH family 43, and further-
ore are predicted to have arabinofuranosidase or xylosidase

ctivity. Thus, based on amino acid sequence deAFc belongs
o GH family 43, which includes xylanases, �-d-xylosidases,
rabinanases and �-l-arabinofuranosidases.

The catalytic mechanism of hydrolysis is conserved for all
embers within a given sequence-based GH family [17,18], and

as been reported to result in inversion of the anomeric center
n three independent studies of GH family 43 glycohydrolases
19–21]. In the case of inverting hydrolytic enzymes, a single-
isplacement reaction ensues [22], and for GH’s one active-site
arboxylate provides general base catalytic assistance to the
ttack of water, while another carboxylic acid provides gen-
ral acid catalytic assistance to cleaving of the glycosidic bond
23]. deAFc is similar to a GH family 43 �-d-xylosidase termed
ynB3 from Geobacillus stearothermophilus T-6 (43% posi-

ive, 30% identical; NCBI accession 51235720), which has been
xtensively characterized and for which the catalytic active-site
esidues have been identified [24]. Alignment of the amino acid
equences of deAFc and XynB3 shows high homology around
he active-site residues, with Asp14 predicted to be the general
ase (aligns with Asp 15 in XynB3) and Glu175 predicted to be
he general acid residue (aligns with Glu187 in XynB3).

.2. Oligomerization state

After purification of the protein using Ni-NTA, protein purity
as estimated to be 95% using gel densitometry. The protein
eAFc eluted as a single peak during gel filtration chromatog-
aphy coincident with p-NP-AraF hydrolytic activity (data not

hown). The apparent MW value of ∼57.9 kDa obtained from the
el filtration experiment implies the protein eluted as a monomer
nder the conditions employed since the MW value was within
xperimental error of the calculated subunit MW of 60.1 kDa

http://afmb.cnrs-mrs.fr/CAZY
http://www.softberry.com/
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ased on the amino acid sequence predicted for expression of
he His-tagged protein in E. coli by Vector NTI (Invitrogen).
ther AFase’s have molecular weights that are consistent with
onomer, dimer and higher quaternary structures. For example,

n AFase isolated from Butyrivibrio fibrisolvens was a homo-
ctamer of 31 kDa subunits with an apparent MW of 240 kDa
25], while a thermostable GH family 51 AFase from Thermo-
oga maritima was reported to be a hexamer [26].

.3. Enzyme kinetic parameters

Time course studies initially performed established that
he rate of p-NP-AraF substrate hydrolysis under saturating
onditions was linear with respect to time (R2 > 0.99) for at
east 90 min at 45 ◦C. The Michaelis–Menten parameters for
ydrolysis of p-NP-AraF, o- and p-NP-XylP and 4-MU-XylP
re shown in Table 1. The Km values were all of the same order
f magnitude, and ranged from ∼250 �M for p-NP-AraF to
960 �M for p-NP-XylP. The kcat values were all within one

rder of magnitude, ranging from ∼0.13 s−1 for p-NP-XylP to
.22 s−1 for o-NP-XylP. Interestingly, while the Km values for
- and p-NP-XylP were similar, the ratio kcat o-NP-XylP/kcat
-NP-XylP was ∼9 even though the pKa’s of the leaving groups
re similar (7.22 for o-NP and 7.18 for p-NP). Contributing
ignificantly to the observed difference hydrolysis rate of o- and
-NP-XylP are differences in the noncovalent enzyme/substrate
nteractions (e.g. hydrogen bonding) of these stereoelectroni-
ally different leaving groups in the active site and the attendant
ifferences in stabilization of their respective oxocarbenium
on-like transition states [27]. Thus, results similar to deAFc
ave previously been reported for a GH family 52 �-xylosidase,
here kcat o-NP-XylP/kcat p-NP-XylP was ∼4 while Km values
ere similar [28]. On the other hand, similar kcat values for o-

nd p-NP-XylP hydrolysis have been reported for a GH family
9 �-xylosidase [29].

deAFc clearly showed the greatest specificity kcat/Km when
-NP-AraF was used as the substrate, being 2–20 times greater
han for any of the other artificial substrates. Lineweaver–Burke
lots of the data for the substrates in Table 1 (data not shown)
ndicated no deviation from Michaelis–Menten kinetics at the
ubstrate concentrations tested, which can otherwise indicate
hat transglycosylation is affecting a rate-limiting step. The kcat
alue of 0.68 s−1 measured for hydrolysis of p-NP-AraF by
eAFc at 45 ◦C is ∼32-fold lower than the kcat values of 22 s−1

eported for hydrolysis of this substrate at 80 ◦C by a GH family
1 AFase from a thermophile [26], and 128-fold lower than the
cat value of 87 s−1 reported for hydrolysis of this substrate at
0 ◦C by another GH family 51 AFase [30]. In contrast, the Km
alue of 0.251 mM obtained for deAFc is from 1.7- to 2.6-fold
ower. An estimate of the Ki for arabinose of 27 mM (R2 = 0.99;
ata not shown) was obtained from non-linear regression fitting
f the data to a competitive inhibition model. There appears to
e considerable variability in the susceptibility of arabinofura-

osidases to product inhibition. For example, an AFase from the
acterial source Butyrivibrio fibrisolvens was not inhibited by
p to 50 mM arabinose [25], and one from Aureobasidium pullu-
ans was reported to not be inhibited by 1.2 M l-arabinose [31].

a
h
o
p

al Technology 40 (2007) 747–753 751

The substrate 4-MU-XylP elicited marked substrate inhibi-
ion at both pH 5 and 8, necessitating fitting of the data to Eq.
1), derived from a substrate uncompetitive inhibition kinetic
cheme where an inactive ES2 ternary complex is formed due
o unproductive binding of substrate. The Ki’s obtained at the
wo different pH’s were the same within experimental error; the

i for 4-MU-XylP at pH 5 was 3.17 ± 0.41 mM (R2 = 0.997),
nd at pH 8 the Ki was 3.77 ± 0.53 mM (R2 = 0.997). Stereo-
lectronic considerations may explain for the differing propen-
ities of the o-NP-, p-NP- and 4-MU-XylP substrates to exhibit
ubstrate inhibition. Previously, kinetic analysis of a GH fam-
ly 51 AFase isolated from Geobacillus stearothermophilus T-

(AbfA T-6) gave typical Michaelis–Menten curves with a
eries of aryl-arabinofuranosides including 2,5-dinitrophenyl-�-
-arabinofuranoside and p-NP-AraF. However, kinetics consis-
ent with substrate inhibition was observed for the 3-NP analog
Ki = 10 mM) and 3,4-DNP analog (Ki = 12 mM) [30]. Substrate
nhibition by xylotriose (Ki = 1.7 mM), and no inhibition by
ylobiose, has previously been observed for a Thermoanaer-
bacterium sp. GH family 37 �-d-xylosidase [12].

.4. Substrate specificity

Examples of GH family 43 enzymatic activity include
-xylosidase (EC 3.2.1.37), �-l-arabinofuranosidase (EC
.2.1.55), arabinase (EC 3.2.1.99), xylanase (EC 3.2.1.8) and
alactan 1,3-�-galactosidase (EC 3.2.1.145) (P.M. Coutinho
nd B. Henrissat, http://afmb.cnrs-mrs.fr/CAZY) [13]. It has
lso been shown that within a given class these enzymes show
iscrimination between natural and artificial substrates [32].
hus, in order to accurately assign the substrate specificity
f deAFc, a series of artificial and natural substrates were
ested. deAFc was able to cleave both the arabinofuranosyl
nd xylopyranosyl synthetic aryl substrates, while no activity
as detected with the other aryl-glycoside synthetic sub-

trates (Table 2). d-Xylopyranose and l-arabinofuranose
re spatially similar, thereby rationalizing the bifunctional
-l-arabinofuranosidase/�-d-xylosidase activity of deAFc with

espect to hydrolysis of synthetic substrates containing the rela-
ively good leaving groups o-NP (pKa 7.22), p-NP (pKa 7.18) or
-MU (pKa 8.2). In the natural substrate, however, the leaving
roups are either xylose or arabinose moieties, which are very
oor leaving groups with pKa’s >12. When hydrolysis of natural
ubstrate glycosidic bonds by deAFc was tested, only release
f arabinose (and not xylose) was observed by TLC from rye,
heat and oat-spelt arabinoxylan. The natural xylooligosac-

haride substrate xylobiose was not hydrolyzed by the enzyme.
lso, it was found that deAFc released arabinose from sugar
eet arabinan containing (1-3)-�-linked l-arabinofuranosyl
ranch units, while no activity was detected on the corre-
ponding debranched 1,5-�-linked arabinan polymer. While no
ydrolysis products were detected for the substrates birchwood
ylan or beechwood xylan, this is not surprising since deAFc

ppears unable to hydrolyze xylopyranoside linkages, and it
as been reported that these hardwood xylans contain little
r no arabinofuranosyl substitution [33]. Also, no hydrolysis
roducts were detected for larchwood (+)-arabinogalactan even

http://afmb.cnrs-mrs.fr/CAZY
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hough the ratio of arabinose:xylose units has been reported to
e 11:56 for this substrate [34]. These results provides some
nformation about possible linkage hydrolysis regio-specificity
ince arabinose in larchwood (+)-arabinogalactan is mainly
-2 linked to xylose, whereas in oat-spelt xylan the arabino-

uranosyl units are mainly O-3 linked [34]. With respect to
atural substrate specificity, it can be concluded that deAFc is
pecific for hydrolyzing arabinofuranosyl units, and the results
urther suggest deAFc may be specific for hydrolysis of (1-3)-
-l-arabinofuranosyl branch units. These results are in accord
ith previous studies where it has been shown that AFase’s
sually have a narrow range of substrate specificity [32,35].
he deAFc substrate specificity reported here is similar to that
f an AFase from Streptomyces lividans, where a preference
or arabinoxylans from cereal grains was observed, and no
ydrolysis was observed with birchwood xylan, larchwood
ylan, arabinogalactan or linear �-1,5-arabinan [36].

.5. pH curve

Broad pH/activity profiles were obtained showing essentially
nvariant Vmax values between pH 5 and 8.5, resulting in an
ctivity plateau save a slight dip around pH 7. These results were
eproducibly obtained using either multi-component or single-
omponent buffers, and using either p-NP-AraF or p-NP-XylP
s substrate (Fig. 1). Values of Km and kcat were subsequently
etermined at pH 5 and 8, corresponding to approximate activity
axima at low and high pH, to verify that saturating conditions
ere maintained throughout the pH range assayed. Kinetic

pectrophotometric assays were performed with the synthetic
ubstrate 4-MU-AraF since the 4-MU released can be detected
uorometrically in kinetic assays at both pH 5 and 8, while the
xtinction coefficient of p-NP is too low at pH 5 to allow for its
se. It was found that identical Km values and similar kcat values
ere obtained within experimental error at the low and high
H extremes (Table 1). This observed identity at pH 5 and 8 of
he kinetic parameters indicates that the broad pH curve is not a
esult of an artifact influencing the measured Vmax values, and
s truly due to active-site invariance of activity with respect to
H over the range pH 5–8.5. (Fig. 1). This suggests that deAFc
ay not require general acid catalytic assistance to hydrolyze

he relatively good leaving groups p-NP (pKa 7.18) or 4-MU
pKa 7.80) of the synthetic substrates used to generate the pH
urves. Thus, it has previously been shown that for hydrolysis
f 2,4-dinitrophenyl-cellobiose by wild-type �-1,4-glycanase
rom Cellulomonas fimi, kcat was pH independent over the
ange pH 4.6–8.4, indicating no active-site ionizations which
ffects 2,4-dinitrophenyl-cellobiose hydrolysis rates occur in
his pH range [37]. It is possible that for deAFc and other
imilar enzymes characterized using synthetic substrates, the
road pH profiles obtained would not extend to substrates
ith significantly higher leaving groups pKa’s that demand
articipation of the acid catalyst carboxylate residue.
.6. Thermal stability and Tmax

The enzyme was stable for 90 min up to 45 ◦C, whereupon
he activity decreased rapidly to ∼10% after only 5 min at 55 ◦C
al Technology 40 (2007) 747–753

Fig. 2). The temperature maxima (Tmax) was found to be 47 ◦C
n 30 min endpoint assays, whereupon activity rapidly dimin-
shed, possibly due to enzyme thermal instability.

. Conclusion

The gene encoding deAFc was isolated from a mixed bacte-
ial culture obtained from a commercial compost starter mixture,
nd is classified as a GH family 43 member based on amino acid
equence. The enzyme was cloned with a C-terminal His tag,
nd the oligomerization state of the purified enzyme shown to
e monomeric under the size-exclusion chromatography condi-
ions employed. The enzyme showed a broad pH profile, with the
ctivity being essentially invariant between pH 5 and 8.5. deAFc
as not particularly heat stable, with stability decreasing rapidly

t 55 ◦C, and a temperature maxima of 47 ◦C. While the enzyme
as able to hydrolyze the artificial substrates p-NP-AraF, o-
P-XylP, p-NP-XylP and 4-MU-XylP, a clear preference for
-NP-AraF was observed based on kcat/Km values. Interest-
ngly, testing substrate specificity using natural arabinoxylan
ubstrates showed that arabinose was the only monosaccharide
roduced, and results were obtained consistent with the enzyme
aving a O-3-linked arabinose debranching activity.
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